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Or Gal Transduotion by Phage lambda
by J. #eigle

Califcrniz Inetitute of Techuoloyy
Pasulgna, California

Virus trausduction hes been defined as the phenocwenon in whiech a
virus rown on & bacterial host (the doncr) transfers to a new host
(the acceptor) a fragment of the genetic content of the donor. In the
trassductions studled previcusly the pheges were «ble to traneduce any
geuetic uzerkey of the donor, often but not uecessarily rendering at
the sase tiwe the acceptor lysogenic. Recently Morse (1954 end Yorse,
Lecertery and Ledervery (1550) have described a pew type of rausduc-
tlon iavolving the strain X12 of E. colli and the phege lambda. The
novel features of thie wype of transduction are:

1) The phage lambda carried (as prophaga) Ly tbe lysogenic oraln K12

is able to transduce uie wailer Gal (ability to ferwenti gaisctose),

and this uerker ouly.

2) *ily the pheges liberated by lysogenic bacteria have transducing
sbility, In the experiwents of Morse et al, the liberatior of the phege
frog the donor was induced by emall dcses of UV, It is not known vhether
spontaneocusly literated phages cr phage induced by other weans would
sbov the same ability to transduce,

3) The cransduced cells are invariably lysogenic.

To obtain a trensducing lysste one induces & culture of s strain
of K12 carrylng laubda and able to utilize galactose. Upon infection
with this lyeste of snother strain of K12, sensitiva to lacbde mnd

unable to ferment galactose (Cal”), a few cells {about one in 10° or
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107 infected ones) become able to ferment galactose. Most of these
transduced and lysogenic strains ere unctable with respect to the Gal
charecter: while trensoitiing the Gel’ property o wost of their
offepring they occasionally segregate stable Gal~ cells vhile recain-
irg lysogenic, These transduced cells have further the reasrkavle
propert; Lhat when they, iu twrn, are induced the; liberate phayes
sble to tronséuce Gal with a very high “requency. Usuelly at least
5U» of the phoges ave sble to transduce. Morse et sl. call these
phages high frequency transducers (FFT) and the transduced strains
heterogenotes’ luplying that these strains carry the transduced piece”
not us g substlitution but &8s an addision to the genose, verhars an a2ddie-
tion o the phage genone,

The ability to feruent galactose has been upec as 2 zenetic
marker in bacterisl crosses and has been sown by recombination (Leder-
berg and Lederverg, 1553) and by the previously known transcuction
(Jacob, 1955) to be clicsely iinked to the lysoge:ic deterzinant, pre-
sumedly the prophage lanmbéa,

The experiments of dorse et al. ralse an interesting question econ-
cerning the processes oceurring in the heterogenote bacterium when
this bacteriuns is induced and the HFT phage is produced: does the
Gal aarker, which eventually gets incorporated in the HFT phage,
multiply when the phage multiplied and is its sultiplication very
close.y coupled to that of the phage® An ansver to this question
might be helpful i{n clarifying the origin of the transduced pilece of
the becterial genowe in-eat least-ethis type of transduction: does
it represent au inclusiod into the phage of a pisce of the bacterial
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gencwe when the phage matures, or d4ces there exist an intizate tie
between the transduced piece and the phage prior to phage multiplios-
tion? In this note it i shown tlat the phage and the transduced plece
multiply together.

Materisl and Metiods
Bacteris and Phages.-«The bacterial strains used were two variants

of B, coli strains, Kl2. One called 0600 (Appleysrd, 1954) is Gal’
(stable) and is available both es sensitive strain snd es lysogenic
strain for the phage lasbia defined as wild type by Kaiser (1955).
The other was the strain 112 and has been shown by wWollaman (1953) o
carry the sarker Gel 1linked to the prophsge laubis,

The colonies formed by C600 Gal’ on EMB galactose (Lederberg, 1950)
sgar plates are dark red and have a metallic sheen, while 112 Gal  colo-
nies are pink, The 112 trensduced colonies are red but not as dark
as those of C600 and they have no mestallic sheen,

The pbage stocks were a08tly obtained by induction of the lyso-
geuniec strain C600 or by induction of the transduced 112,

Infection.~«In general, infection of tLie bacteria witk the phages
proceeded as follows: the becteria were grown in tryptone broth to a
density of 1 to 2 x 107, centrifuged, resuspended in distilled water
containing 10”2 M of Mgso,, and serated for one bour at 37°C. The bac-
teria were then diluted to a denaity of sbout 2 x ma and the phage
suspension edded, In 20 minutes more than 95% of the phages vere
adsorbed by the bacteria., To ocbheerve transduction 0.05 al. of adequate
dilutions of infected Cal~ bacteria were apread on EMB galactose plates.
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On these plates 0.1 ml, of anti-lssbda serum (K=30) had been previously
spread to prevent reinfection of the bacteria by phage grown and
liberated on the plates.

Isolation of bateropencte i-<T0 pewpere a heterogencts siyvein, phages

are first cbtained by induction of C600 Gal ™ lysogenic for lazbda.

The lysate is treated with chloroforan to kill uninduced cells and
tested for sterility. Accarding to s wethod indicated by Morse et al.
2:109eamotmm'muwmmammutaxms’w:
and 0,05 ml, of the aixture is plated on ENB galactose anti-serum sgar
plates. After 48 hours of incubation sbout 103 Gal’ colonies appear
on the background of Gal” cells, Twenty of these colontes were picked,
suspended in 1 ul, of vater and spread on ENB galactose plates. This
purification procedure of picking and spreading wvas repeated three tizes.
After the third spreading each of the twenty isclates still segregated
Gal” colonies and esch of the isolates ves lysogenic. One of the
twenty isclates was selected for further study. When this strain was
induced 1t liberated phages which transduced the Gal’ marker vith very
high efficiency. This strain is thus & heterogsnote,

Preparation of HFT lysate by inductionie-To prepare phages vith high
efficiency of transduction {laxbda HFT) cultures of ths heterogsnote
1n tryptone broth (to which 10°° M of Mg80, hed been added) vere nade.

When they reached a density of about ma cells per wl, they vers cen-

trifuged and resuspendsd in duffer at a density of about 2108. They
vere then irvadiated wvith a dose of ultraviolet light inducing sore

than 95% of the cells. Rroth wvas sdded to the buffer to tring the
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Gansity to 108 and the suspeusion vas allowed to lyse in asrated

tubes at 37°C. and in derkness (to svoid photoreversal of the induc-
tion). The lysstes vhich contained sdout 10'° phages per ul. (burst
size about 100 phages per bacterium) were carefully treated with chloro-
fors in order to kill any surviving bacteris. These lysates vill be
refurred to as priosry HFT in contrast to secondmy HFT lysates which
are obtained from the prisary EFT by one cycle growth on a sensi-~

tive strain of beoteris,

Phage stocks frow one cycle growth,~«T0 prepare phages having grown
on sensitive bacteria forone cycle, these becteria were prepared for
adsorption and used at & density of about 2 x 109. They wvere usually
{nfected at a multiplicity between 0,1 and 0.5 phage per bacterium.
After allowing twenty aminutes for adsorption the suspensions vere
¢hilled snd centrifuged, The pellet vas vashed three times, the
cells resuspended and centrifuged sgain, whereupon the washing pro-
csdure was repeated and finally the cells resuspended and diluted

in tryptons btroth, The number of non-adsorbved phages vas measured
as well as the nusber of infective centers. The suspensions were
sersted at 37°C for 50 minutes (latent period sbout k2 minutes)

vhen chloroforn was added in order to lyse (Sechaud and Kellenberger,
1956) most of the infected cells. The burst sise was ususlly edout
50 phages per infected cells and the lysates countained a proporiion

of non adsorbed parental phages vhich wes alvays less than lo‘h.

Assay of high frequency trensduction,-«To determine the efficierncy
of transduction of the phages and to characterise the transduced
cells three sets of plates are prepared. The phages are adsorbded
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on 112 Gal” cells and these cells spresd on the first set. These are
EMB galactose anti laabda serum plates. :fter 24 hours of {ncubs-
tion at 37°C. the colonies formed on these EMB plates are replicated
(Lederberg and Lederberg, 1952) ounto the two other sets, One of these
sets i3 seeded with sensitive bactaria and safter replication these
plates are given a smll doee of UV irradiation to infuce the lyso-
genic cells, The other set has been prespread vith sither phage lasbda
or phage Thr. 3Both sets of replica plates are incubated at 37°C.

On the set of plates seedsd with sensitive bactaria the lysogenic
ecolonies carrying a nom-dsfective prophage are surroundsd By a halo

of lysis, On the lesbds ar Tir set these lysogenic cells fora colo-
nies since they are immune to lambda snd since Thy does not multiply
in K12 cerrying the prophage lambds (Benser, 1955). The defective
lysogenic colonies (imuunes) grow on the set of lasbda or Thr plates
but they give no halo on the set of sensitive bacteris plates. The
seusitive colonies give no halo on the set of sensitive becteria plates
and do not grvov on lssbda or Thr plates.

Pinally the transduced Gsl’ colonies can be recognised by their
ecolor on the EMB plates. This method permits s complets charecteriza-
tion of each type of colony to be deteruined., In all our experiments
the transduced Gal’ colonies invarisbly carried lsabda (with or without
defect),

Resultes~-Properties of the lambda HFT.--The pheges obtained by
induction of the primary heterogenote strain of bacteria have the

sang plague morphology as the phages used to obtain the hetarogsnote.
Upon infection of sensitive Gal™ cells with lsxbds HFT at multi-
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plicities Detween 0.5 and 1 phage per bactarium it is found that be-
tween 5 and 15¢ of the colonies formed by the infected cells are
either Gul’ or form Gel’ papilise and that each of these colonies is
aither lysogenic or fmmme. In addition another 5 to 159 of the
colonies ere lysogenic without being Gal'. The remeinder of the
infected cells lyse or are refractor (Liedb, 1953). Thus in & lysate
containing 1010 plagas per ul,, cbtained after induction and lysis

oflﬁa

cells per ml, at least 158 of the phagss are sble to trsnsduce
Gel ., Thus at least 15 times zore trensducing pbages ere found than
there were cells that liberated these phages. Even if each bacterium
contained 4 prophages and b Gal’ markers one would have to econclude
that after induction the Usl’ merker hed multiplied & times. This is
6 lower lizit for two ressons, PFirst the phages wvhich elicited a
lytiec response in the infected bacteris contained presusebly a similar
proportion of Gal' cmrriers as do the lysogeuising phages, second

the failure of a lysogenising phage to transduce the Gal’ marker does
not prove that the marker is absent from the phage.

Any cell transduced by lanbda HFT is a heterogenote: upon multi.
plying they sll segregats Gal~ cells, all are lysogenic (non defective
or defective) and the phages liberated by the lysogenic strains after
induction transduce with s very high efficiency,

When lambda HFT infecte lysogenic 112 Gal~ cells its efficiency of
transduction is about ten times swmeller (per sdsorbed phage) than when
it infects sensitive cells. When the phage carried by the (al” cells
is different genetically from the phage HFT it is found that & very large
proportion of the Gal’ transduced cells still carry the phage for which
they vere originally lysogenic., (A small number of doubly lysogenic
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ocells and of imaune cells are also found.) These transduced cells give
haterogencte strains and the pheges they liberate after induction are
BFT, In these conditicns it seems that only the Gal marker has been
added to the genome of the lysogenic eslls vhile the genome proper of
the transducing phages has been elininated,

Lytic cycle of lazbda NPT in s sensitive cell.-«Thse multiplication
of the Gel’ marker which seems to take place in heterogenote cells
after inductlon might be dus to the special nsture of these cells or
to the (W fnduction proper. To probe further into the tie-up detween
phage multiplication and Gal' marker multiplication is secoudery,

BT pheges, grown for ons cycle on sensitive cells, were studied.

To compare ths transducing ebility of primary and secondary HFT
lysates (equal aligquote of) 112 Gal™ sensitive cells were infected with
the same multiplicity of thes two phags stocks (usumlly sbout 0.1 phage/
bacterium) and spread on EMB galactose antiserun plates., The ratio of
counts of transduced colonies on these plates is a direct measure of
the relative efficiencies of transdustion of the tvwo sorts of pheges,

The result of sush measuresents show that secondary EFT phages
obtained by growth in C600 Gal sensitive cells retain sbout 50% of
their trensducing sbility per phage, Sinece in the growth experiments
the averace burst sise is sbout 50 plages per bacterium, the Gal’
oarker has wultlplied adout 25 times, Thus on passing sn HFT lysate
through one cycle of growth on C600 Gal’ sensitive cells the phage
titer and the Gal’ titer go up neerly in parallel. In contrast when
secondary HFT phage is obtsined by growth on 112 Gal” sensitive cells
the lysate contains (for an sversge burst sise of 50 phage per bac-
tarium) about 1% of the original transducing sbility per phege. In
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other words on passing an EFT lysate tlwough 112 Gel sensitive cells
the phage titer goes up but the Gal' titer remmins constant. 7o insure
that the fallure of Gal’ to multiply is not due to some special property
of the strain 112 but is deteruined by the sbsence of the Gal’ marker
in the sensitive strains in vhieh the grovth of phege tock place, a
112 Gal’ sensitive was prepared as described in the following section,
The colonies of this strain on EMB galactose plates have the sane
ecolor as ths coloniss of 112 leterogenctes and thus are Quite different
fros C600 Gal” colonles. Wien used s & host for HT phages this Gal’
strain gave the sase results as those obtained with the host C600 Gal'.
It thus seems that in secondury HFT the inclusion of the Gel’
oarker in the phage gsnome depends on the homologous marker present
in the host bacterium,

Possible linkege betwsen Gal and the gsnetic merkers of the HFT
rhages, ~~Bacterial recosbination studies have shown that in a stable
Gel’ lysogenic strain the prophage is linked to the Gal wmarker. The
question arises as to the linkage between prophage and Gal in the
heterogenotes or in the HFT phages they lidberate after induction.

Thies could be studied by the usual wethods of phage genetics super-
infecting the induced hetarogsnote with a genetically marked phage and
looking at the oerkers carried by the transducing phages of the lysate.
The lysete would theun contain a larpge proportion of parental EFT phages.
These psrental HFT can be glizinated by using en imsune heterogeuote,
When such & strain is induced no parental phages are produced because
of the defect carried by the prophage (Appleyard, 195h; Jacod and
Wollman, 1956); only the recombinants between the superinfecting
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phage and the prophage could be expected to contain HFT phagss. Their
detection would thus be mede such easier, Thus in the experiments to
be described an immune hetercgenots, obtained by infection of 112 Gl
sensitive cells by lambde (:+) EFT, vas used. [This imaune hetero-
genote strain segregates Gal' end Gal” sensitive stable cells and Gal~
imumes vhick in turn segregate Gal™ sensitive stable cells. It is
oue of the Gal' sensitive stable strains which wes used in the experi-
ments of the preceding section].

After infduction of the ilmmune Matercgenote the cells lyse with a
latent pericd of sbout one hour but produce no phage (for 10° induced
cells),

The genetic cherscters of ithe defective prophage can be studied
by superinfection of the induced iamume heterogencte with a aarked
phage, ssy lawbda (ad). The lysste is found to contain about 5% of
recochinants of the types (a:) (:b) and (<), If such a lysete is
tested for transducing sbility by infection of 112 Gal sensitive
eells it is found that the nusber of transdueing particles is of the
ordar of magnitude to the nusber of ismune heterogencte induced
superinfected cells. Unexpectedly, the vast majority of the trans-
duced cells are imoune (& smell proportion of the transduced cells
were sll doubly lysogenic)., # few of the transduced immme cells have
been tested by superinfection for the phage uarkers carried, They were
all (+).

Eence the Gal' marker has s tendency to remain sssociated with
the mmrkers of the prophege (.- and defect) of the cells which carried
1t, ané does not seea to attach itself to the superinfecting phage.
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Discussion

Iet us begin by recapitulating what has been found, Owr starting
material are several strains of basteria, all of thew derivatives of
ecoll K12, The original coli Ki2 is lysogenic and the sensitive derivatives
anong owr straing were obtained by previous workers by various treatments
involving specifically, UV lrradistion. Our lysogenic starting seterisl
was obtained b lysogenising one of these ssensitive derivatives,

In eonfirwation, and partly in extension of the findings of Morse
et al., we find that phage produced by the lysogsnic strain transduces
the Gel' marker of the donor to the sensitive Gal~ scoeptor, with the
very lovw efficiency charectearistic of other transduction systems. It
turns out, hovever, that the trensduced have not been transduced in
the usual oanner, involving substitution of a pleces of donor genoms, for
& pimce of acceptor genome. In the present case the transduced cells
give rise to highly sbnormal straing, cslled hetsrogenotes bYy liowrse
et al, In the first place these strains are unstable with respect
to the Gal wmarker, they segregate stable Gal” strains. This shovs that
the Gal marker has not been substituted for the Gal~ aarker, but has
somehov been added to the ganowe of the bacterium. As to where it
has been 2dded, we obtain hints from further observations, Pirst of
all, tbhe transduction i{s invariably linked with lysogenization. This
is 1n contrast to other transductions wvhere the two phenomens seen
to be relatively independent events. The strict linkage between transduc-
tion and lysogenimation mekes one suspect that the Gal warker is tied
more intimately to the phage in this case, This inference is strongly
supported by the finding that phage produced by the heterogenotes has s
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very high and specific transducing sbility for Gal', Indeed, as our
experiments shov, each donor bacterium produces weny Gal transducing
phages. This suggests that the association between the Gal marker
and the phage persists not ouly during lysogenization but even dwring
the vegetative multiplication of the pbage in the heterogesunote. The
pbages produced by the beierogenotes seem 0 be normal in other re-
spects. They produce lytic and lysogenic responses ln sensitive cells
in the sanme propariion as norual lysates. Ths transductions which these
phagas accouplish shov the seue ebnorualities as the origiluel transdue-
tions, namely, the transduced streins are unstable with reapect to

Gal , and they are invarisbly lysogeniec., An appreciable proportion

of the lysogenics are defective lysopenics. OSuch defectives were not
found among the primery beterogenotes, but were slso not carefully
looked for,

Up to this point, the resultis lead tc postulate the followling
simple picture: phege laambda does not bave the ability, like certain
other phages, to serve as a vector for randou pleces of the doncy
genoue, It does, however, have the ability to tle the Gal aerker
of the donor to its own genome, and cayry it to an aceeptor. The bomd
is 80 intiuete, moreover, that the Gal warker does not becoue deteched
from the pbage in the acceptar, it remalns in the acceptor only if the
phage yets hooked into its prophage positlon. Even more strikingly 1is
this bond evidenced by the fact that the Gal warker multiplles with
the phage after induction of the heterogenote. That the bond 18 not
sbsolutely tight is evidenced by the fact that only ebout 50% of the
cells lysogeniged by an heterogenote lysate are transduced, Owr
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experioents do not tell whether in the cases vhere transduction fails
the Gal werker got detached froum the phage in the donor, in the freee
phage state, or during lysogenization of the acceptor,

ve lave attempted to test the persistence o the assoclation be-
tween the phege and the Gal’ marker during the growth of the phage in
seusitive strains., In the case vhere these sensitive strains vere Oal’
straine, our results are in sgreswuent with the general picture developed
up to this point: one f£inds that the Gal' marker mmltiplies with the
phage, but not perfectly. When tbhe pheage increases 100-fold, the
transducing tliler inereases only S50-fold. In the one case at cur 4dise
posal in which the sensitive strein wes a Gal ™ strain, we obteined the
astonishing result that the phage titer went up, as usual, while the
a1’ transducing titer remained constent. This is sn unexpected result.
We are inclined to let it stand as an isolated fact without tryin; to
farce it into owr picture, until more related experisental naterial
has been scounulated,

There are peveral more pieces of evidence which testlfy in favor
of the linkage of the Gel warker in the heterogenctes with the phege.
When 8 lysogenic cell is infected with & phage, similer to its prophage
it showvs laounity. It 18 known that this f{mamunity is not due to
failure of adsorption of the infecting phage. Jeveral lines of evidence
indicate on the contrery that the phage enters the lysogenic cell dbut
is unable to wultiply or to lysogenise. Owr experiments iu which the
infecting phage hes attached to its genowe the Gul zarker show that
in this situation the Gal asrker can be transéuced, though about 100
times wore rarely than in the case of sensitive acceptors. The trans-

duced cells are heterogenctes ané lysogenie, and this we interpret to
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mean again that the Gal’ marker is attached to the prophage. The pro-
phage which thase heterogenotes carry is the ons they carried before
the infection, and not that which brought the Gal’ warker, This 1s
reasonable in view of the fact that prophage substitution ia a

rare event, We learn frou tlis experiment that the Gal uarker of the
irconing phage can sviteh position, frou its linkege to the vector to
an anzalopoue linkaege with the propbage ir the seceptor,

The experivents on defective lysogenic heterogenotes strengthen
our plctuore, Zoeh strains laeck the abllity to produce sature phages
after Irduction, This lack, bouvever, can be circumvented by superine
fection vith & relnted phage. Tle superiufectling plhege recoabloes
geneticnlly with the defective phages and also allows these phages to
mature (probebly by phenotypie wmixing). The lysates thus produced
contoln & mixture of pheges, those having the genolype of the super-
infecting phage, & suall proportion heving recoafinact penoiypes and
those hoving the remotype of the delsctive propbage {(ifuclucing the
defect which behaves &8 & genetlc zarker). These last phages, when
infecting sensitive bacteria, cannot produce wature proge:y bHecause
of their defect; but they ceu lysogenize the cells and make defective
lysogenic bacteris (end hence their presence in the lysate may be
detected). The greet majority of the celle ‘rarscuccd by the lyssate
of a superinfected inducel lefective heterogencte carry ihe Jefect
and the other geretic markers of the prophace and wot the werkers of
the superirfecting phoge (irtrocdueed to enable the Zefective prophoge
to mature)., Hence owr evperimenis show & otrong linkeye of the Gal’

marker with its defective prophuge in the defective heterogenote,
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SUDATL ) o~

Pheges obtained by iuduction of strein CE00 cel’ made lysogeric
for lambda ( ) when infecting strain 112 Gal sensitive transduce
Gal with low frequency., The strain CE00 Gal (. ) is stsbla, it does
not segregate Gol or lumunes or ceusitives, The traneduce strains
sre Heterogenotes.,” These heterogenotes have the fcllowli properties:
1. They are Gal and lyscgenic,
2. They segregate Gel Llysogenic.
3. They do uct segrezate delective lysogenic or sensitives.
4, They produce primssry HFT lysstes alter inductlon.

These primary HFT lysetes have the lollowving propertles:

1, “he hurst size 1s about 100 pheges per bacterium,

2. They produce lytic or lysogenic resporses ln senslitive
cells in the same proporiicn as normal lysates,

3. Amorng the lysogenized ceils there sre o lawge nucber wilch
have beor trensduced to Gel .

L, All the Gal are lysogenic (Man, carry defeciives wrophages) .

5, The Gsl titer of the lysate is much higher thar uiw
tiver of the irduced bacteria which produced the lysale.

6. vhen the prissry HFT lysate 18 pessed ihrough one cycle
0¥ grouwth on C600 Cal seusitive or ou 112 Gal sensitive the pl
titer and the Gal’' titer go up nearly in parallsl.

7. When the HFT lysate is passed through one cycle of growth
on 112 Gal~ sensitive the phage 4'ter increases bui the Gal titer

rexssing constant,
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8. The HFT lysate transduce 112 Gal~ lysogenic cells vith a
wuch lower efficiency than they trensduce sensitive cells.

9. All these transduced lysocgenic cells are hterogenotes and
the vast majority of them liberate upon induction HFT lysates whose
phages do not have the genetic markers of the phages used to transduce
the lysogenic cells but have the genetic aarkers of the prophags car-
ried by these cells.

10. The defective heterogsnotes vhen superinfected after induction
give lysates vwith transducing ability end the vast msjority of the
transduced cells are defective and the phage has the genetic markers
not of the superinfecting phage but of the phage carried by the original
defective heteroganote.

Acknovliedgenents . --The author gratefully acknowledgss helpful discus-
sions with Dr. G. Bertani and the unfailing aid received froa Dr,

Nax Delbruck during the redection of this note. The experiments with
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who is carrying further the study of their properties.
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